A novel loop heat pipe (LHP) solar water heating system for typical apartment buildings in Beijing was designed to enable effective collection of solar heat, distance transport, and efficient conversion of solar heat into hot water. Taking consideration of the heat balances occurring in various parts of the loop, such as the solar absorber, heat pipe loop, heat exchanger and storage tank, a computer model was developed to investigate the thermal performance of the system. With the specified system structure, the efficiency of the solar system was found to be a function of its operational characteristics -working temperature of the loop heat pipe, water flow rate across the heat exchanger, and external parameters, including ambient temperature, temperature of water across the exchanger and solar radiation. The relationship between the efficiency of the system and these parameters was established, analysed and discussed in detail. The study suggested that the loop heat pipe should be operated at around 72 o C and the water across the heat exchanger should be maintained at 5.1 l/min. Any variation in system structure, i.e., glazing cover and height difference between the absorber and heat exchanger, would lead to different system performance.
Introduction
Over past decades, solar water heating systems have become common practice in housing stock worldwide [1, 2, 3, 4] . Most solar water heaters for buildings are flat-plate types or conventional heat pipe arrays which are usually installed on roofs for layout convenience. This type of installation requires long runs of piping delivering water from the roof heaters to the working points and receiving water from the water mains. The cost of the system is therefore high and most importantly, the installation detracts the aesthetic view of the building, particularly those multi-storey buildings with numerous users, as well as the whole city (or district) landscape.
In recent years, several building façades based solar heaters have appeared on the market and been used in practical projects [5] . These devices are positioned on walls or balconies, avoiding the requirement for roof space and shortening the distance of pipe runs, and therefore increasing the building's aesthetic view. However, these devices still require the transportation of water from inside of the building to the outside, which may subject to the hazard of pipe freezing during winter operation.
Loop heat pipes (LHPs) are two-phase heat-transfer devices separating the vapour and liquid flows and eliminating the entrainment effect between them, which is one of the major limits for heat pipe heat transfer. They are therefore able to transfer large amounts of heat for distances up to several metres, or to several tens of metres in a horizontal (vertical) position through the effect of capillary pumping or gravity [6, 7] . Due to this feature the loop heat pipes are ideally suited for use in building hot water systems, which allow solar heat to be collected from an outer façade area, transported to a heat exchanger at the inside of the building, and further transferred to the water flowing across the exchanger. This will prevent long distance running of the water from the inside of the building to outside, and thus protect water pipes from freezing during winter operation. It
should be emphased that the liquid within the loop is an anti-freezing fluid, i.e., water/glycol mixture, which is separated from the water to be heated, and therefore has no effect on the quality of water for living and causes no harm to users. This type of liquid possesses unique characteristics [7, 8] , namely high latent heat, and adequate boiling temperature as well as good compatibleility with heat pipe materials (cooper and aluminium) and is, therefore, an ideal choice for heat pipe operation.
In this paper, a prototype loop heat pipe system for a Beijing apartment building hot water supply was designed. By adopting the heat balance and thermal resistance network method, a computer model was developed to simulate the heat transfer processes across various parts of the system.
Simulation results obtained from running the model were used to estimate the system's efficiency () and determine the relationship between the efficiency () and various parameters relating to the system structure and operating conditions. For validation, the simulation results were compared with the testing results.
System description
The schematic of the proposed system is shown in Figure 1 . The system, filled with an anti-freezing working fluid, is composed of wicked heat absorbing pipe arrays, vapour and liquid headers, vapour and liquid transporting lines, as well as a flat-plate heat exchanger coupled with a water storage tank by water tubing. The absorbing pipes are attached with fins and, outside of the pipes, are fitted with the double skin, evacuated glass covers. The glass-attained pipes are tightly arranged in parallel with a very small gap in between and attached vertically to the south facing wall of the building, which could be made of reinforced polystyrene. This installation allowed maximum solar absorption by the pipes and minimum heat losses occurred from the pipes to the surroundings. It should be addressed that the liquid within the heat pipe was a mixture of water and glycol [9] . However, since small amount of glycol (< 5% of total volume of the heat pipe loop) was added into the system, its influence to system heat transfer was minor. In this theoretical analysis, liquid within the pipe was treated as pure water, while the existence of glycol was ignored.
In operation, the received solar heat converts the liquid adhered on the wick of the pipes into vapour, which flows upwards along the inner space of the pipes and enters the top-side vapour header, owing to the buoyancy of vapour. The vapour is further transported to the heat exchanger inside the building via the vapour transporting line. Within the exchanger, the vapour is condensed into liquid of the same temperature, transferring heat to the water flowing across the channels adjacent to the vapour channels. At the outlet of the exchanger, a steam trap is assembled to stop penetration of vapour through the pipe. Thus, only the condensed liquid can flow across and enter the liquid transporting line. Via the line, the liquid enters the liquid header located right below the vapour header, due to the gravity caused by the height difference between the exchanger and the header. This amount of liquid is then evenly distributed to individual pipes through a dedicated liquid feeder fitted at the upper part of the pipes, as shown in Figure 2 . The feeder is a cylinder structure with round-distributed mini-holes with 1 mm of diameter at the bottom, which would allow the liquid to be dipped into the wick voids equally. The speed of liquid feeding can be controlled by adjusting the height level of the liquid within the feeder in order to achieve a balance between liquid evaporation and supply, which could be 'tasted' through a specially designed sensor installed on position. Thus, the liquid adhered within the wick can be evaporated instantly with little accumulation or not at the bottom of the pipes, which helps maximise heat transfer occurring in the pipes.
This loop heat pipe system removes the need to transport water for a long distance, i.e., from inside to outside, and then back to inside of the building. Instead, the water, raised by a pump, simply circulates around the exchanger channels to obtain heat from the vapour and back into the water-storage right beside the exchanger. The heated water will then be delivered to working points when needed.
The absorber area could be suitably sized to meet hot water demand for the targeted house, depending upon the system's solar efficiency and number of occupants served. For a typical 3-member family flat in Beijing (China), the initial size of the absorber is chosen as 3 m 2 and its average solar efficiency is assumed to be 60%. This would allow sufficient heat to be obtained litres), cooking (75 litres), from its initial temperature (around 10 o C) to working temperature (40 o C) during the day-time period [10] . This amount of water will then be used in the afternoon and evening when people are back home. Other components of the system were also sized accordingly.
It should be stressed that all above figures are primarily set and will be subject to further adjusting and variation, depending upon the results of simulation. Two types of glass tubes, borosilicate and polycarbonate, were considered and their thermal and physical properties were presented in Table   1 [11, 12]. The heat absorbing pipes are made of copper and their thermal and geometrical parameters were given in Table 2 [13, 14, 15] . Other system components including vapour/liquid headers and lines, as well as water pipes between heat exchanger and storage, were also specified, as shown in Table 3 . Finally, Table 4 presented the technical specifications of the heat exchanger selected [14, 16] .
Mathematical analysis of the thermal process and computer model set-up
Heat transfer occurring in the LHP system involves three major processes, i.e., conversion of solar radiation into heat received by the absorbers, transporting of the absorbed heat from the absorbers to the heat exchanger via evaporation and condensation of the heat pipe working fluid, as well as transferring the heat from exchanger to the passing water. These processes are inter-linked and will finally achieve a balance under the steady state operation, and could be illustrated as follows:
Conversion of solar radiation into heat received by the absorber
The solar energy entering the inner chamber of the pipe arrays across the double skinned and evacuated glasses and absorbed by the coating materials attached on the absorbers, Q c , could be expressed as follows [17] : (1) This part of the heat is partly absorbed by the finned pipes and the remainder is dispersed to the atmosphere due to temperature difference between the absorber surface and ambient air, which is illustrated in Figure 3 .
For an absorber surface with temperature of t ab,sw , the heat dispersion could be written as [18] (2)
The heat absorbed by the absorbing surface is (8)
Transporting of the absorbed heat from the absorbers to the heat exchanger
The absorbed heat (Q ab ) should be immediately taken away from the absorbers by using the heat pipe loop. This could be achieved by liquid evaporation in absorbing section and vapour condensation in the heat exchanger surface. This part of heat could be written as [13, 17, 18] (9)
This process involves several thermal resistances, as indicated in Figure 4 . These resistances are the key factors impacting on magnitude of heat transfer and could be illustrated separately as follows.
Absorbing pipe wall resistance: (10) Saturated wicks resistance:
Where λ wi was the effective thermal conductivity of the wicks which has taken into account porosity of wicks [18] .
Vapour flow resistance:
The vapour will flow across three regions in sequence, i.e., absorbing piping, transporting piping and heat exchanger channels. The volume flow rate of the vapour could be expressed as (13) In operation, the vapour will not fully possess the loop space and therefore, a parameter called vapour void fraction is defined as follows [18] : (14) The vapour will withstand several pressure drops when flowing across these different regions of the loop, which could be expressed as follows [18] :
For the heat absorbing pipes:
Since the heat absorbing pipes are parallel arranged, the full vapour flow will be divided into numerous vapour streams that will be equally distributed into the individual pipes, the pressure losses across the absorbing pipes are therefore adversely affected by the number of the heat absorbing pipes.
For the vapour header and vapour transporting line,
For the heat exchanger channels (vapour region):
The total vapour pressure drop across the loop is (18) The condensed liquid film will be evenly distributed across the exchanger surfaces at the heat pipe fluid side and its associated flow resistance is: (19) Heat exchanger wall resistance: (20) As the vapour and liquid transporting lines are fully insulated, there will be very little heat losses across the piping surfaces and therefore, the heat losses through the transporting lines to surroundings could be ignored.
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT

12
It should be addressed that prior to calculating heat pipe heat transfer, the limit of heat transport capacity of the loop pipe system should be examined. The limit of heat transport capacity means the maximum heat transfer the system can take, which would occur at the condition that the system's driving force, i.e., gravity or capillary, matches with the overall flow resistance [17, 19] .
Running an established computer programme yields the limit of the heat transport capacity of the system when the height difference between the absorber and heat exchanger is 1.9 m, i.e., 1806 W/m 2 , which is larger than the maximum available solar energy striking on the south-facing facade at Beijing, i.e., 855 W/m 2 [20] . Therefore, the loop heat pipe system has sufficient capability to transport the heat from solar irradiance with no restriction from its own structure.
Transferring the heat from heat exchanger to the passing water
The heat transferred to the exchanger surface will be taken away by the passing water, thus resulting in an increase of water temperature, which is shown in Figure 5 . A long period of operation, such as 8-hour day-time, would result in a continuous rise of water temperature and allow the required household water temperature to be achieved.
For an inlet water temperature t i , a temperature rise (t o -t i ) is expected after the water passes across the exchanger. The heat transfer between the exchanger surface and the passing water could be expressed as [18] : (21) Where w is the water volume rate maintained by the pump and h w is the water convective heat transfer coefficient and could be illustrated as follows:
For the water flowing across a single heat exchanger channel, (22) 
As water will flow across the exchanger channels at relatively low speed, the flow could be treated as laminar. In this case, the Nusselt number, Nu, could be written as follow:
Of which, Reynolds number (Re) and Prandtl number (Pr) could be expressed as follows:
(24) (25) (μ/μ he,sw ) 0.14 is the factor in relation to the exchanger plate temperature and could be treated as 1.05 at heating operation status [18] .
It should be understood that when the water receives the thermal energy from the sun through the LHP system, it, in the meantime, also consumes a certain amount of electrical energy due to operation of the circulation pump. This part of electrical energy will be used to overcome the flow resistance across the water cycle between the water storage and heat exchanger, including frictional resistance and local fitting resistance, and keep an adequate water circulation rate. The hot water pump power could be calculated as follows [18] :
In this system, frictional resistance losses refer to pressure losses across the straight connection pipe lines between the heat exchanger and water storage tank. The friction factor associated with the losses could be determined and calculated using the following equations:
Local resistance losses refer to the pressure drops occurred at the local fittings assembled in the system, including 2 valves, 6 sudden expansions/contractions and 2 bends. The local resistance factor, for each fitting could be obtained from ref. [21] . Thus the total local resistance pressure losses could be expressed as:
The power consumption occurred in the water cycle could be expressed as:
The coefficient of performance (COP) of the system could be defined as the ratio of collected heat and pump power, as follows [22] :
(31)
Computer modelling set-up
The three heat transfer processes will finally achieve a balance when the system operates at the steady state condition and each section of the system remains a certain temperature. The algorithm used for the modelling set-up is indicated as follows:
1) Given a LHP system structure, the parameters related to the system configuration could be obtained, which are shown in Table 1 , Table 2 , Table 3 and Table 4 ;
2) Given the operating temperature of the heat pipe system, the thermodynamic parameters of the working fluids could be obtained;
3) Assuming the external conditions (solar radiation and ambient temperature) and inlet water temperature and water flow rate across the changer channels; 4) Assuming an absorber temperature t ab,sw , heat analysis is carried out as follows:
 Heat balance of the glazing cover could be analysed, which will result in the determination of the glazing surface temperature;
 Heat balance of the absorber pipes (evaporator) could be analysed using Equations (1) to (8) , which will result in determination of the absorber heat gain, Q ab .
 Heat balance of heat pipes and heat exchanger pair could be analysed using Equations 
Results and discussions
Results obtained from the simulations are used to calculate the efficiency of the system, , which is defined as the ratio of heat taken away from heat exchanger by the water, and the solar radiation striking on the solar absorber [13, 18] . The efficiency should be a parameter in relation to external conditions, i.e., solar radiation, ambient temperature and temperature of water across the exchanger, its own operating characteristics, i.e., heat pipe operating temperature, water flow rate across the exchanger, as well as its structure parameters, i.e., materials for double glazing covers, height difference between heat exchanger and absorber. The relations between the efficiency and above parameters are illustrated as below:
Efficiency .vs. external parameters
Under certain system structure/configuration (with borosilicate glazing as the covers) with thermal/geometric data shown in Table 1 , 2, 3 and 4, and a fixed heat pipe operating temperature of (t mean -t amb )/I. In that case,  may be expressed as the function of (t mean -t amb )/I, as follows:
(32)
The data for solar radiation, ambient temperature and initial inlet water temperature were summarised in Table 5 , which took the monthly average values of Beijing as the index [23].
Running the above computer model yielded the results of outlet water temperature, which was then used to develop the relationship between efficiency and (t mean -t amb )/I.
The results of the simulation were presented in Table 6 as well. These data could also be plotted in an excel chart and relation between η and (t mean -t amb )/I could be presented in a linear equation, as shown in Figure 6 . It was found that under certain level of solar radiation and ambient temperature,
higher water temperature will result in lower system efficiency. Having fixed up water and ambient temperature, the efficiency will increase with the solar radiation increasing. Under certain solar radiation and water temperature, the efficiency will increase when the ambient temperature increases.
Impact of heat pipe operating temperature
It should be understood that the vacuum level during the manufacturing process controls the boiling (saturation) point of the working fluid. In the meantime, the solar radiation striking on the surface of the absorber, the ambient temperature and the temperature and flow rate of the water, the combined effect of these five parameters would result in the heat pipe operating temperature.
Remaining system physical (structure) condition, external condition and water flow rate same as in Section 4.1, but leaving the vacuum inside the heat pipe changes accordingly, causing the heat pipe operating temperature free to change from 40 o C to 75 o C, the efficiency of the solar system was investigated by running the established program and the results were shown in Figure 7 . It was found the efficiency kept trend of increase with the temperature increasing till 72 o C, but further increase in heat pipe operating temperature would result in a rapid decline in system efficiency.
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
17
The reason for this could be briefly illustrated as follows: high heat pipe operating temperature would benefit heat transfer between the heat pipe working fluid and the passing water, while in the mean time causing increased heat losses from the heat absorber to the surroundings. There would be a balance point in existence that could allow the highest solar efficiency (63% for this case) to be achieved and this balance point would represent a proper operating temperature, which is 72 o C under this case study.
Impact of water flow rate
Theoretically, high water flow rate would lead to enhanced convective heat transfer between the heat pipe condensing fluid on one side of the heat exchanging plate and water flow across the other side and therefore, enhanced heat output in terms of solar energy conversion. However, high water flow rate would also lead to increased pump power. In this case, the system heat output and COP would be two parallel items used to justify the optimum water rate across the exchanger.
Remaining the solar system structure and operating parameters same as the above, variation of the heat output and system COP against water flow rate across the exchanger were simulated and the results are shown in Figure 8 . It was found the system heat output increased gradually but its COP decreased significantly when water flow rate increased. Therefore, there would be an appropriate rate in existence that would remain both system heat output and COP high. A comparative analysis indicated that the water flow rate across the heat exchanger should be around 5.1 l/min, which is controllable through adjusting the motor speed and valves.
Impact of absorber glazing covers
Under certain system operating conditions, i.e., weather and water parameters, the efficiency of the solar system would depend upon its own structure, particularly type of the top glazing cover.
Ideally the glazing should allow maximum solar irradiance to be transmitted and also be able to minimise heat losses from the absorber to ambient. Double-skinned polycarbonate and borosilicate are potential materials for this use due to their higher solar transmittances and lower U values.
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18 Remaining the above system structure and operating conditions same, its efficiencies for two top glazing covers operation were simulated and the results are illustrated in Figure 9 . It indicates that borosilicate cover is able to achieve higher efficiency than polycarbonate does at higher temperature operation, i.e., t mean > t amb , while the polycarbonate is suitable for low water temperature (t mean < t amb ). The reason is that the borosilicate has higher solar transmittance which helps receiving larger solar irradiance. However, its U value is larger that would increase heat transfer between ambient and passing water, thus leading to lower efficiency under low temperature operation.
The final choice for the top cover is borosilicate as it could retain thermal performance for long periods of operation. Polycarbonate would experience faster degradation, in terms of the thermal properties including absorptivity, emissivity and transmittance, which is unsuitable for long term use in a solar system.
Impact of the height difference between solar absorber and heat exchanger
As the loop system is driven by gravity, the height difference between the top solar absorber and heat exchanger plays a key role in terms of its heat transfer capacity (limit). In operation, gravity should be larger than the flow resistance of the working fluid across the loop cycle, which is the major condition enabling operation of the system. However, keeping increase on heat input would lead to consistent increase of flow resistance, which would eventually reach the available gravity.
At this point the system would achieve its maximum heat transfer and no further heat could be added up. This amount of heat is defined as the limit (or capacity) of the LHP heat transfer. The variation of heat transfer capacity (limit) against height difference between solar absorber (top level) and heat exchanger (centre level) was simulated using the previously established program and the results are shown in Figure 10 . As the maximum solar radiation of Beijing in south facing orientation is 855 W/m 2 , whilst the heat transport capacity (limit) of the system at 0. The connection pipes are about 2.5 meter long with incorporation of a number of bends, valves and a steam trap. The exchanger is also linked to a water storage tank, which is located at 1 m below the exchanger using a short pipe circuit incorporating the insulated pipelines, a pump, a water flow meter and 2 valves, thus forming the water cycle to prepare the hot water for the occupants' use. At the end of vapour and liquid transporting lines, and the inlet and outlet of the water pipes, as well as the side wall of the water tank (referred to Figure 12) , T-type thermocouple probes were installed to measure the temperatures of the fluids. A pressure transducer with accuracy of 1% was also installed at the vapour transporting line to measure the heat pipe operating pressure. All these measurement sensors were linked to a DT500 data logger and a computer for data recording and analyses.
The testing ran for 8 hours (between 9:00 am to 5:00 pm) and the data were recorded every 1 second. The testing was carried out on a fixed solar radiation of 816 W/m 2 in accordance to the maximum solar radiation at south direction in Beijing, China, an ambient temperature of 22 o C, and an optimized water flow rate of 1.6 l/min. It should be noted that due to the limitation of budget, the system were built smaller than the original design. The geometric and thermal properties of the prototype testing system are detailed in Table 6 . temperature remained about the same. It was found that there were large fluctuations in the heat pipe operating temperature and water flow outlet temperature during the measurement which was caused by setting of thermocouple probes. The probes were intruded into the narrow water (vapour) flow tunnels, creating turbulence of water flow around the probes and eventually effecting on stability of temperature measurement. To smooth the problem, some odd measurement data that are obviously incorrect were removed from the database. In the meantime, an appropriate data treatment was conducted: the average values of measurement data in 3 minutes intervals were calculated and implemented into the database, thus forming a diagram (Fig. 12) which could show the true trend of variation of temperature over the testing period.
Using the moving average method, i.e., taking the average values of the measured parameters within a certain time interval (12 minutes), the relation between solar efficiency and (t mean -t amb )/I were obtained, as shown in Figure 13 . A trend-line showing efficiency decreasing with (t mean -t amb )/I increasing was clearly presented, but certain level of scattering appeared on the diagram, due to slow thermal response of the system. The testing efficiency was about 10% lower than the theoretical efficiency due to various possible reasons, e.g., heat losses occurred in the vapour/liquid transporting lines, less than expected heat transfer rate within the flat plate heat exchanger, as well as some simplifications made in the model set-up.
It should be noted that due to limitation of lab condition, it is unlikely to imitate the actual operation of the system under real climate condition. However, the efficiency figures generated from the lab testing are able to be put into comparison with those derived from the computer simulation. The difference between the theoretical and testing efficiencies was found under the reasonable error limit. The comparison could be used to analyse the accuracy of the computer program, as well as verify the effectiveness of the system
Conclusions
This paper introduced a novel loop heat pipe solar water heating system suitable for use in typical Solar efficiency of the system varies linearly with the defined parameter, (t mean -t amb )/I, which represents the combined effect of weather and water conditions. The system efficiency increases with increasing of ambient temperature and solar radiation, but decreases with increasing of the mean temperature of water flow.
The optimum heat pipe operating temperature is around 72 o C, which would allow the maximum system solar efficiency to be achieved.
When water flow rate across the heat exchanger increases, the system heat output increases gradually and its COP is decreased significantly. An appropriate water flow rate would maintain both system heat output and COP high. A comparative analysis suggested that the water flow rate should be around 5.1 l/min.
A borosilicate cover is able to achieve higher efficiency than polycarbonate does at higher water temperature operation; whereas the polycarbonate is suitable for low water temperature. However, the final choice of top cover material is borosilicate which has more durable thermal performance and is suitable for long term operation of the solar system.
The loop heat pipe system is able to transfer received solar heat completely without constraint from its heat transport limit, even at 0.4 metre height difference between the top of the absorber and mid level of the exchanger. This system has 1.9 m of height difference which is sufficient to conduct the required heat transfer.
A prototype was constructed and tested and the experimental results were compared with the theoretical data. This comparison indicated that the system could operate effectively in lab condition but its efficiency is slightly lower that the theoretically predicted data due to a number of reasons, e.g., heat losses occurred in the vapour/liquid transporting lines, less than expected heat 
